Scheme1.Proposed pathway for the anaerobic degradation of 1 by strainH xN1;for corresponding transformations (a) to (l), see the main text. CoA:coenzyme A.
Introduction
The key challenge in the biodegradation of saturated hydrocarbons is CÀHa ctivation. The initial activation step requires cleavage of aC ÀHb ond, which is associated with ah igh energy barrier that has to be overcome. In oxic environments (presenceo fO 2 ), this is accomplished by the well-studied oxygenasee nzymes, which employ O 2 -derived, highly reactive oxygen species. [1] Investigations into the biodegradation of hydrocarbonsu nder anoxic conditions (absence of O 2 )l ed to the discovery of al arge diversity of novel microorganisms and biochemicaltransformations (for overviews, see [2] ).
The betaproteobacterium strain HxN1, which is affiliated with the newly described genus Aromatoleum, [3] was originally isolated from ditch sediments in Bremen (Germany) and has been shown to completely oxidize n-hexane( 1)t oC O 2 under strictly anoxic conditions coupled to denitrification. [4] Based on metabolite and EPR studies,t he anaerobic degradation of 1 by strain HxN1 has been proposed to proceed via a1 -methylpentyl radical, whicha dds to fumarate, yielding (1-methylpentyl)succinate (MPS, 2;S cheme 1, step a) in ar eaction catalyzed by ag lycyl radical enzyme. [5] Subsequenti nvestigations with stereoisomers of (2,5-2 H 2 )hexaner evealed inversion of configuration at C-2 of 1 during the formation of dicarboxylic acid 2. Based on this evidence, it has been suggestedt hat CÀH-bond cleavage and CÀC-bondf ormation may proceed in ac oncerted manner,w hich, thus, would avoid ah ighly reactive1 -methylpentyl radicala safree intermediate. [6] Further degradation of 2 was inferred from metabolite analysist op roceed through the followingr eactions equence (Scheme 1): [7] Thioesterification to (1-methylpentyl) succinyl-CoA (3,s tep b) is followed by av itaminB 12 -dependent mutase-catalyzed rearrangement of the carbon skeleton in the succinyl-CoA moiety by a1 ,2-shift of the thioester moiety (step c), forming (2-methylhexyl)malonyl-CoA (4)t ot hen give 4-methyloctanoyl-CoA (5a)b yd ecarboxylation (step d). The b-oxidation sequence of 5a via 4methyl-2-octenoyl-CoA (6a,s tep e) and 3-hydroxy-4-methyloctanoyl-CoA (7a,s tep f) leads to 4-methyl-3-oxooctanoyl-CoA (8a,s tep g), which undergoes thiolytic cleavage (step h) to form acetyl-CoA( 9)a nd 2-methylhexanoyl-CoA (10 a). A second round of b-oxidation,s tarting with 10 a,w ould involve the sequential formation of 2-methyl-2-hexenoyl-CoA (11 a, step i),3 -hydroxy-2-methylhexanoyl-CoA (12 a,s tep j), and 2methyl-3-oxohexanoyl-CoA (13 a,s tep k);t he last of these is thiolytically cleaved into butanoyl-CoA (16)a nd propionyl-CoA (17) . At hird round of b-oxidation would then transform C 4 -The constitutions of seven metabolites formed during anaerobic degradation of n-hexaneb yt he denitrifying betaproteobacterium strain HxN1 were elucidated by comparison of their GC and MS data with those of synthetic reference standards. The synthesis of 4-methyloctanoic acidd erivatives was accomplished by the conversion of 2-methylhexanoyl chloride with Meldrum's acid. The b-oxoester was reduced with NaBH 4 ,t he hydroxy group was eliminated,a nd the double bond wasd isplaced to yield the methyl esters of 4-methyl-3-oxooctanoate, 3-hydroxy-4-methyloctanoate, (E)-4-methyl-2-octenoate, and (E)-and (Z)-4-methyl-3-octenoate. The methyl esters of 2methyl-3-oxohexanoatea nd 3-hydroxy-2-methylhexanoate were similarly preparedf rom butanoyl chloride and Meldrum's acid. However,m ethyl (E)-2-methyl-2-hexenoate was prepared by Horner-Wadsworth-Emmonsr eaction, followed by isomerization to methyl (E)-2-methyl-3-hexenoate. This investigation, with the exception of 4-methyl-3-oxooctanoate, whichw as not detectable in the cultures,c ompletes the unambiguous identification of all intermediates of the anaerobic biodegradation of n-hexane to 2-methyl-3-oxohexanoyl coenzymeA (CoA), which is then thiolytically cleaved to butanoyl-CoA and propionyl-CoA;t hese two metabolites are further transformed according to established pathways. This is an open access article under the terms of the Creative Commons At-tributionNon-Commercial NoDerivs License, which permitsu se and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. compound 16 into two molecules of 9.Whereas the three molecules of 9 formed are terminally oxidized to CO 2 in the tricarboxylic acid (TCA) cycle, compound 17 could be converted into fumarate by the methylmalonyl-CoA pathway,w hich formally utilizes one equivalent of CO 2 ,a nd thus, recycles the cosubstrate of the initial activation reactionof1.
Herein, we aimed to complete our metabolite-based understanding of the anaerobic degradation of 1 downstream of 2 by unambiguously elucidating the constitutions of intermediates 6a, 7a,a nd 11 a-15 a,w hich, to date, have only tentatively been assigned based on MS data. This task was accomplished by the chemical synthesis of the respective compounds (as their methyl esters 6b, 7b,a nd 11 b-15 b)a nd their application as reference standards for unambiguous metabolite identification by meanso fG C-MS. Compounds 14 a and 15 a, with isomerized C=Cb onds, are actually not included in the metabolic pathway shown in Scheme 1, but the respective methyl esters 14 b and 15 b are present in the methylated culture extract of strain HxN1.
Results and Discussion

Organicsynthesis
The synthesis of the 4-methyloctanoic acid series startedf rom commercially available 2-methylhexanoic acid ( 18) . The latter was first converted into its acid chloride, which was isolated, and purifiedb yd istillation (Scheme 2). [8] Conversion with Meldrum's acid and subsequent solvolysis with methanol under standard conditions (with pyridine and catalytic amounts of DMAP), [9] however,g ave complex reactionm ixtures that contained only small amounts of b-oxoester 8b. [10] After some ex-perimentation, the use of an overstoichiometric amount of DMAP (1.8 equiv) gave compound 8b in preparatively useful quantities (70 %y ield). Treatmento fc ompound 8b with NaBH 4 gave both diastereoisomers of the b-hydroxyester 7b [11] (78 % yield) withouta ny stereoselectivity (dr 53:47). The isomers were not separated, but the mixturew as submitted to elimination via the methanesulfonatet og ive a,b-unsaturatede ster 6b [12] in 77 %y ield and exclusively as the (E)-isomer.T he C=C bond was shiftedt og ive the b,g-unsaturated isomer 15 b [13] through at wo-steps trategy,o riginally introduced by Orsini et al. [14] Thef irst step was allylic bromination with NBS-AIBN, yieldingi ntermediate product 19 (79%), whichw as then submitted to reductionw ith Zn-AcOH, with displacement of the C=Cb ond. Compound 15 b (63 %) waso btaineda samixture of diastereoisomers (E/Z 2:1), which were not separated.T he configurations were assigned by subsequent NOE experiments: Irradiation of the 4-CH 3 group at d = 1.62 ppm led to almost no NOE effect at the olefinic signala td = 5.31 ppm;t hus, this signal belonged to the (E)-isomer.I ft he 4-CH 3 group at d = 1.73 ppm was irradiated, ap ronounced NOE effect of the olefinic signal was observed;hence, this was the (Z)-isomer.
The synthesis of the 2-methylhexanoic acid series also started with the acylation of Meldrum's acid, [9] in this case with butanoyl chloride (20) t og ive oxoester 21 [9, 15] in moderate yield (38 %). Pyridine and only catalytic amountso fD MAP could be appliedh ere (Scheme3). Methylation with MeI occurredw ith K 2 CO 3 in acetone, with surprisingly high selectivity towards monoalkylated product 13 b [16] (55 %). Reductionw ithN aBH 4 gave alcohol 12 b [17] (57 %) as an inseparable mixture of two diastereoisomers (dr 3:2). Attempts at elimination by using the same protocol as that for compound 6b (Scheme 2) yielded a,b-unsaturated compound 11 b (Scheme 4), together with unspecifiedi mpurities that could not be separated by column chromatography.For this reason,c ompound 11 b was accessed as outlined below.
The Horner-Wadsworth-Emmons (HWE) reaction of phosphoryl propionate 22 [18] with butanal gave a,b-unsaturated ester 11 b [19] as am ixture of diastereoisomers (61 %, E/Z 4:1; Scheme 4), which could be separated by column chromatography.T he (E)-selectivity of the HWE reaction for the formation of a-methyl-a,b-unsaturated esters has been reported previously in the literature. [20] Furthermore, the NMR spectra of both diastereoisomers of ester 11 b were previously reported. [19] The (E)-isomer was submitted to two-step double-bond displacement, as performed above to give b,g-unsaturated isomer 14 b [21] (55 %, only trans-isomer) via allylic bromide 23 (93 %).
Identification of metabolites
Methylated culture extracts of strain HxN1 after anaerobic growth with 1 were analyzed by means of GC-MS. Accordingly, all reference standards needed for unambiguous identification of metabolites were synthesized as the respectivem ethyl esters (see above). Ta rget structures of the as-yet unidentified metabolites were proposed based on their MS fragmentation patterns. Conclusive identification of the detected metabolites was accomplished by GC coinjection experimentsa nd ac omparisono fm ass spectra (Figures 1a nd 2a nd Figures S1-S16 in the Supporting Information). Oxoester 8b could not be detected;t his may indicate that the steady-state concentration of transientm etabolite 8a is below the limit of detectioni n growingc ultures of strain HxN1. The underlying b-thiolase reaction is actually knownt obe far on the side of the oxoester cleavage products. [22] Interestingly,t he two diastereoisomers of methyl 3-hydroxy-2-methylhexanoate (12 b)w ere present in the culture extracts of strain HxN1 in as imilar proportion to that obtained through the synthetic procedure. The two diastereoisomers of hydroxyester 7b were not separable under the GC conditions applied.
Ac omparison of synthetic esters 14 b and 15 b with the methylated extract from cultures of strain HxN1 by GC-MSh ave confirmed that these compounds with isomerized b,g-C=C bondsa re present in the extract. It might be assumed, however,t hat compounds have been formed artificially during heat deactivation and acid treatment of the culture broth, for example, by isomerizationo fc ompounds 6a or 11 a or by elimination of alcohols 7a or 12 a,r espectively.F or this reason,w e have performed the following controle xperiments:T he b-hydroxyesters 7b or 12 b,a sw ell as the free carboxylic acid corresponding to ester 6b,w ere treated under the respective conditions (85 8Ca tp H1.5, hydrochlorica cid). These mixtures were then analyzed by means of GC-MSa nd 1 HNMR spectroscopy,a nd in none of the cases could compounds with b,gdouble bonds be detected. Therefore, we conclude that compounds 14 a and 15 a are native metabolites of strain HxN1, althoughtheir possible roles remain uncleara tt his point. 
Conclusion
The betaproteobacterium strain HxN1 degrades 1 under anoxic conditions into three equivalents of 9,w hich are further oxidizedt oC O 2 in the TCA cycle.Am etabolicp athway was previously proposed to proceed from 4 throught wo rounds of b-oxidation via 4-methyloctanoate derivatives 5a-8a and 2methylhexanoate derivatives 10 a-13 a (Scheme 1). Extracts of as train HxN1 culture anaerobicallyg rown with 1 were submitted to thioesterh ydrolysis with hydrochloric acid and methylation with diazomethane to give the respective methyl esters 5b-13 b fora nalysis by means of GC-MS.W hile the structures of compounds 5b and 10 b,t hat is, the methyle sters related to thioesters 5a and 10 a,w ere previously elucidated, the constitutions of methylated metabolites 6b-13 b have so far been proposed based on MS data. Furthermore, two b,g-unsaturated congeners, 14 b and 15 b,w ere also proposed to be present in the culture extracts,a lthough their role in the metabolic pathway remains unclear,t odate.
We prepared syntheticc ompounds 6b-8b and 11 b-15 b and compared them with the constituents of the methylated culture extract by GC, including coinjection experiments, and MS. This enabled us to unequivocally establish the molecular identities of seven metabolites, which previously were only tentatively identified. The only exception was the methyle ster of 4-methyl-3-oxooctanoate (8b)w hich could not be detected in the extract, presumably because the steady-state concentration of this transient metabolite was below the limit of detection.
In both, the 4-methyloctanoate (6b-8b and 15 b)a nd 2methylhexanoate (10 b-14 b)s eries, organics ynthesis started with the acylation of Meldrum's acid with the appropriate acid chlorides to give the b-oxoesters 8b and 21;t he last of which was a-methylated to give target compound 13 b.T he b-oxoesters 8b and 13 b were submitted to reduction with NaBH 4 to give the respective b-hydroxyesters 7b and 12 b (both as mixtures of two racemic diastereoisomers). Althoughc ompound 7b could be eliminated to compound 6b after activation of the hydroxy group as methyl sulfonate, this transformation was rather sluggish in the 2-methylhexanoate series. Therefore, we prepared compound 11 b by the HWE reaction of butanal with phosphorylp ropionate 22.
Isomerizationo ft he a,b-doubleb onds in compounds 6b and 11 b wasa ccomplishedi nt wo steps:a llylic bromination with NBS-AIBN gave the g-bromo congeners 19 and 23.T he C=Cb ond wast hen shifted to the b,g-position by reduction with Zn in AcOH to give compounds 14 b and 15 b.
The synthetic routes to obtain the reference standards, in particularf or those of the 4-methyloctanoate series, to ac ertain extent, mimic the reversed egradation pathway of nhexane (1)i ns train HxN1. This study furthers ourm etabolitebased understandingo ft he anaerobic degradation of 1 by Aromatoleum sp. HxN1. Because this biodegradation pathway is archetypical for n-alkanes of av ery broad chain-lengthr ange and diverse anaerobic microorganisms, including nitrate-, sulfate-, and arsenate-reducing bacteria, and even as ulfate-reducing archaeon, the present findings will serve as av aluabler eference for pathway-orientedstudies with pure cultures and environmental samples (e.g.,f rom hydrocarbon-containing soils and sediments). It can be envisaged that the synthetic procedures described may also provide access to homologues with shorter and longerc arbon chains, and thus, enable comprehensivem etabolite-based investigations of anaerobic biodegradationofn-alkanes in laboratory-based and field studies.
Experimental Section
General:P reparative column chromatography was performed by using Merck SiO 2 (35-70 mm, type 60 A) with hexanes (mixture of isomers, b.p. 64-71 8C), tert-butyl methyl ether (MTBE), and CH 2 Cl 2 Figure 1 . GC separation of isomers of 6b and (E)-and (Z)-15 b and coinjection with methylated cultureextractso fs train HxN1 after anaerobic growth with 1.T he total ion chromatograms are depicted. The metabolite 5b had been identified and structurally elucidated before. [7] The relativeabundance of 5b was used as an internalreference to assess the increase of peaks uponc oinjection. A) Methylated culture extracto fstrain HxN1;B)synthetic standard (Z)-and (E)-15 b (* = impurity);C)coinjection of extract and standard 15 b;D)synthetic standard 6b;a nd E) coinjection of extract and standard 6b. ChemBioChem 2020, 21,373 -380 www.chembiochem.org 2019 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim as eluents. TLC was performed on aluminum plates coated with SiO 2 F 254 . 1 Ha nd 13 CNMR spectra were recorded on Bruker Avance DRX 500 and 300 MHz instruments. Multiplicities of carbon signals were determined through DEPT experiments. HRMS spectra of products were obtained with Waters Q-TOF Premier (ESI) or Thermo Scientific DFS (EI) spectrometers. IR spectra were recorded on aB ruker Te nsor 27 spectrometer equipped with ad iamond attenuated total reflectance (ATR) unit. All starting materials were commercially available.
2-Methylhexanoyl chloride:Am ixture of 18 (8.7 mL, 8.0 g, 61 mmol, 1.0 equiv) and SOCl 2 (17.8 mL, 29.2 g, 246 mmol, 4 .0 equiv) was heated to reflux for 3h(gas evolution). Subsequently,t he mixture was submitted to vacuum distillation through a 10 cm Vigreux column to yield 2-methylhexanoyl chloride (8.51 g, 57. 3 mmol, 93 %) at 53 8C( 19 mbar) as ac olorless liquid. 1 HNMR (500 MHz, CDCl 3 ): d = 0.91 (t, J = 6.9 Hz, 3H), 1.28 (d, J = 6.9 Hz, 3H), 1.31-1.36 (m, 4H), 1.48-1.57 (m, 1H), 1.76-1.85 (m, 1H), 2.86 (sex, J = 6.9 Hz, 1H)p pm; 13 Methyl 4-methyl-3-oxooctanoate (8 b):D MAP (5.86 g, 48.0 mmol, 1.8 equiv) was added to as olution of Meldrum's acid (3.46 g, 24 .0 mmol, 0.9 equiv) in CH 2 Cl 2 .A fter stirring the mixture for 15 min at ambient temperature, 2-methylhexanoyl chloride (4.1 mL, 3.9 g, 26 mmol, 1.0 equiv,p repared as given above) was added dropwise over ap eriod of 15 min. After stirring the mixture for af urther 15 ha ta mbient temperature, hydrochloric acid (2 mol L À1 ,1 00 mL) was added and the resulting suspension was vigorously stirred for 5min. The layers were separated and the organic layer was washed with water (100 mL). Both combined aqueous layers were extracted with CH 2 Cl 2 (2 75 mL, 1 50 mL). All four organic layers were combined, dried (MgSO 4 ), and evaporated after filtration. The residue was dissolved in MeOH (100 mL) and the solution was heated to reflux for 1d.A fter evaporation, the residue was submitted to chromatography (SiO 2 ,h exanes/MTBE 6:1, R f = 0.38) to give 8b (3.13 g, 16.8 mmol, 70 %) as ac olorless liquid. According to 1 HNMR spectroscopy,t he compound existed as two tautomers (keto/enol 85:15). 1 Methyl 3-hydroxy-4-methyloctanoate (7 b):A t0 8C( ice-water bath), NaBH 4 (62 mg, 1.6 mmol, 1.2 equiv) was added to as olution (7) Cultivation:T he betaproteobacterium Aromatoleum sp. HxN1 has been subcultured in our laboratory since its isolation. [4] Cultivation was performed in defined, bicarbonate-buffered medium, essentially as described previously. [5] Cultures were grown in stopper-sealed flat glass bottles (500 mL) containing medium (400 mL) under an anoxic atmosphere (N 2 /CO 2 90:10, v/v). n-Hexane (1)w as provided as ad ilution (5 %, v/v)i n2 ,2,4,4,6,8,8-heptamethylnonane, which served as an inert carrier phase. Sodium n-hexanoate from as terile stock solution was added to control cultures at af inal concentration of 3mm.
Preparation of culture extracts:E xtracts for metabolite analysis were obtained from cultures of Aromatoleum sp. HxN1, as previously described. [5] Essentially,c ultures were inactivated by heat (85 8Ci nawater bath for 15 min). Overlying carrier phase (cultures with 1)w as removed by means of as eparatory funnel, the obtained culture broth was acidified (pH 1.5 with hydrochloric acid), and thereafter extracted three times with Et 2 O. Finally,t he combined organic layers were dried (Na 2 SO 4 )a nd, after filtration, stored in Te flon-sealed glass bottles until further analyses. In addition, coinjection experiments for some compounds were performed by using samples obtained by means of solid-phase extraction of cellfree supernatants of strain HxN1 grown with 1.W aters Oasis MAX (30 mm) was used as the solid phase. The adsorbed metabolites were eluted with 5% formic acid in methanol. The identity of the metabolite pattern with that of the original extracts was confirmed by means of GC-MS.
Derivatization and analysis of metabolites:D ried extracts were evaporated to dryness, solubilized in CH 2 Cl 2 ,a nd methylated by using freshly prepared diazomethane, essentially as described previously. [7] Methylated extracts were then analyzed by GC-MS on a Trace GC Ultra gas chromatograph coupled to an ISQ OD mass spectrometer (both Thermo Scientific). The gas chromatograph was equipped with an Agilent DB5 fused silica capillary (30 m length, 0.25 mm internal diameter,0 .25 mmf ilm thickness). Helium was used as the carrier gas. The GC oven temperature was programmed from 40 (2 min hold time) to 200 8Ca tar ate of 3Kmin À1 and further to 320 8C( 2min hold time) at ar ate of 20 Kmin À1 .M S was performed in electron impact ionization mode (70 eV) at a source temperature of 220 8Ca nd at ransfer line temperature of 280 8C. The mass range was 50-650 Da at as can cycle time of 0.2 s. Analyses of reference standards and coinjection experiments were performed on the same system under identical conditions.
